The laser-induced fluorescence (LIF) excitation spectrum of NiH was recorded in the spectral region from 15000 cm −1 to 21400 cm −1 , with the NiH molecules produced by the reaction of sputtered nickel atoms with methanol under supersonic jet conditions. The 19000-21400 cm −1 portion of the spectrum of NiH is reported for the first time. Twenty-four bands were observed and classified into seven electronic transitions. Every band was rotationally analyzed. Higher vibrational levels of many excited states, A, B, D, E, F , and G, were observed and the complete set of spectroscopic parameters, vibrational frequency, unharmonic constant, rotational constant, and equilibrium length of these states were obtained. Some bands were reassigned.
I. INTRODUCTION
The electronic structure of nickel hydride attracts considerable interest due to its importance in astrophysics, organometallic chemistry, and surface science [1] [2] [3] . The optical spectrum of nickel hydride was first observed by Gaydon and Pearse in flames containing Ni(CO) 4 [4, 5] . Two band systems subsequently designated as A 2 ∆ 5/2 -X 2 ∆ 5/2 and B 2 ∆ 5/2 -X 2 ∆ 5/2 were reported. Heimer photographed absorption spectrum of NiH by heating nickel metal in hydrogen atmosphere in a King furnace [6] . Two more bands of the B 2 ∆ 5/2 -X 2 ∆ 5/2 transition were discovered, and also two violet bands assigned to the C 2 ∆ 5/2 -X 2 ∆ 5/2 transition. Aslund et al. rephotographed the violet system and identified two subsystem C 2 ∆ 3/2 -X 2 ∆ 3/2 and C 2 ∆ 3/2 -X 2 ∆ 5/2 [7] . The results indicated that the ground state of NiH is an inverted 2 ∆ state with large spin-orbit splitting (A=−490 cm −1 ). In later work, Scullman and coworkers investigated the emission spectrum of NiH as well as NiD with a hollow cathode source [8, 9] . Three electronic states, named D1.5, F 3.5, and I1.5, were reported. Considerable progress in the visible spectrum analysis was possible thanks to the cooperative work of the Stockholm group and the MIT group [10, 11] . Both grating spectrograph and laser-induced fluorescence spectrum of NiH and NiD have been recorded. All transitions in the 15500-19000 cm −1 have been carefully analyzed. The E1.5, I1.5, and G2.5 states were discovered and some formerly reported bands were reassigned. Field et al. also studied the Stark and Zeeman effects of NiH and used the results to demonstrate the assignment of the electronic states [12] [13] [14] . A supermultiplet model was founded thereafter to improve the explanation of the electronic structure of the transition metal monohydride molecule [15, 16] . Except for the C 2 ∆ state, all the reported excited states of NiH were located in the visible region.
The low-lying states of NiH have also been studied in detail. The ground state was identified as X 2 ∆ sate from the 1σ 2 2σ 2 1δ 3 1π 4 configuration. The infrared and far-infrared spectra of NiH as well as NiD have been detected using laser magnetic resonance by Nelis et al. [17] [18] [19] [20] . The vibrational, rotational and hyperfine structure of the ground state has been analyzed. The accurate spin-orbit coupling constant, the vibrational frequency, the rotational constant and the equilibrium bond length were determined.
Many quantum chemistry studies have attempted to predict the energy order of the low-lying states of NiH [21] [22] [23] . The bond length, dissociation energy and dipole moment of the ground state have been calculated.
In this work we reinvestigated the LIF excitation spectroscopy of NiH molecules. The spectral region was extended to 21400 cm −1 . The wider wavelength coverage spectra allowed high vibrational levels of the previously reported state transitions to be observed. Therefore more precise information of the excited states of NiH could be obtained and the molecular parameters of those states could be improved.
II. EXPERIMENTS
The gas-phase NiH molecules were produced by the reaction of sputtered nickel atoms with methanol under discharge condition. Their spectra were recorded by laser-induced fluorescence (LIF) under supersonic jetcooled conditions.
The experimental apparatus has been described in the previous publications of our laboratory in detail [24, 25] and will be outlined here briefly. A couple of nickel pins were used as electrodes for DC discharge.
The supplied voltage was approximately 2 kV. The sputtered nickel atoms reacted with a pulse of saturated methanol vapor in argon carrier gas at a backing pressure of 606 kPa. The products expanded into the vacuum chamber, where the average working pressure was 40 mPa, formed a supersonic molecular beam. A pulsed dye laser (Lumonics: HD-500) pumped by a Nd:YAG laser (Spectra Physics: GCR-170) was used as the probe laser. The dye laser (with a linewidth of 0.1 cm −1 and a pulse width of 5 ns) crossed the molecular beam 3 cm downstream from the point of discharge. The excited fluorescence was collected by a set of lenses and finally recorded by a photomultiplier tube (Hamamatsu R928). The signal was amplified, averaged, integrated and sent to the computer. The laser-induced fluorescence was collected orthogonal to both the molecular beam and the probe laser. The operation of the nozzle, the discharge and the laser pulse were controlled sequentially by a multi-channel pulse generator. The laser dyes used were LDS 698, DCM, Kiton Red 620, Rhodamine 590, Coumarin 540A, Coumarin 503, and Coumarin 480. All of them were products of Exciton Inc. The laser wavelength was calibrated by optogalvanically active argon lines.
III. RESULTS AND DISCUSSION
The LIF excited spectrum of NiH under supersonic jet-cooled conditions was recorded in the wavelength range 470-730 nm. A total of twenty-four bands were observed. Eight of them were previously undiscovered. This wide range spectrum took several weeks to complete. For the convenience of discussion, the whole spectrum will be divided into three parts. (i) The spectrum in the 15000-19000 cm −1 region has been fully investigated. Most of the previously reported transition bands were in this region [4] [5] [6] [8] [9] [10] [11] . We did not find any new bands here and our analysis results are in agreement with the previous work. (ii) The spectrum in the 19000-20200 cm −1 region was crowded. Transitions from the ground state to high vibrational energy levels of many states were observed. (iii) In the range 20200-21400 cm −1 , the spectroscopic intensity markedly weakened, while the spectrum became more complicated. Since the dissociation limits of many excited states of NiH are located in this region, the upper states of the transitions were predicted to be predissociated.
Under our supersonic jet-cooled conditions, all the transitions arose from the ground state X 2 ∆ 5/2 (v=0) level. The bands of NiH were strongly red-degraded with the R branch forming a band head. The intensity of every branch decreased rapidly with increasing J. With low rotational temperature and large rotational constants, the number of J value observed in an NiH band was usually no more than ten. Also we found extremely large Λ-doubling in some bands. Except for the (0,0) band, there were isotopic shifts of the band lines due to the other isotopomers of NiH. 
where ρ was given by
The isotopic shift is
The Ω number of the state was decided by the lowest J line of the P, Q, and R branch. Since the designation of some excited states of NiH are still under dispute, here we name all the bands with the empirical notation [T v ]Ω , where T v is the band origin in thousands of wavenumbers. All of the bands observed in this work were fitted to the empirical expression
The results are listed in Table I . With the constants obtained by the fitting, we calculated the equilibrium constants for all the upper electronic states, using the expressions
The results are listed in Table II. A. The A2.5-X12.5 transition
The A2.5 state was first assigned as 2 ∆ 5/2 , while the later Zeeman effect observation suggests 4 Φ 5/2 character [11] . The (0,0) band of the A2.5-X 1 2.5 transition was identified by Gaydon and Pearse in 1935 [5] . In later work [8, 11] , the (1,0) and (2,0) bands were analyzed. The analysis now has been increased with the Table III . The intensity patterns of those two bands are like the others, that is, a reasonably strong R branch, a slightly weaker P branch, and an intense Q branch, with the first Q line, Q(2.5), being the strongest in the whole band. The v=3 and v=4 energy levels of the A2.5 state were relatively unperturbed.
B. The B2.5-X12.5 transition
The B2.5-X 1 2.5 transition system was the strongest in our visible spectra. All the four bands (0,0), (1,0), (2,0), and (3,0) were known earlier [6] . Strong perturbation can be seen in every band. We found that the rotational structure of the B[20.2]2.5-X 1 2.5(3,0) band is extremely complicated. Every rotational line was split into three components; the most intense line situated in the middle, a weak line with about half the intensity situated to the red of the main line and a strong line situated to the blue. Isotopic shifts in the three components were slightly different, too. -doubling can be found only in the Q(2.5) line. This band was reassigned. See Table III . Clearly, the upper state of the B2.5-X 1 2.5 transition was perturbed. See Fig.1 .
C. The D1.5-X12.5 transition
The D[17.6]1.5-X 1 2.5(1,0) band was first reported in Ref. [11] , where it was described as double R, Q, and P branches. Actually we found that the structure of this band has similar appearance to the B[20.2]2.5-X 1 2.5(3,0) band. Every rotational line was split into three. The only difference was the intensity order of the three components. In this case, the weak line was located in the blue spectral region and the strong line in the red, with the most intense one still in the middle. The wavenumbers of the band lines are listed in Table  III .
Two bands at 522.7 and 489.7 nm were assigned as the (2,0) and (3,0) bands of the D1.5-X 1 2.5 transition, respectively. The (2,0) band was pretty strong and the (3,0) band fairly weak. The bands featured a strong Q branch and slightly weak R and P branch, and the intensity of the P branch decreased rapidly with increasing J. Very large Λ-doubling was still a notable characteristic of the D1.5 rotational energy level. In these two bands the magnitude of Λ-doubling splitting was not as large as for the (0,0) and (1,0) bands. The D1.5 (v=3) state was too perturbed to allow a sensible rotational fit. See Fig.1 .
D. The E1.5-X12.5 transition
Four bands of the E1.5-X 1 2.5 transition were recorded. Of these, the (2,0) and (3,0) bands were observed for the first time. The intensity feature of the E1.5-X 1 2.5 transition bands was similar to that of the D1.5-X 1 2.5 transition bands. The (2,0) band at 518.8 nm of the E1.5-X 1 2.5 transition was strong whereas the (3,0) band at 475.4 nm was very weak. The appearance of the E1.5-X 1 2.5 transition bands were like those of the D1.5-X 1 2.5 transition bands, too. As for the rotational level, there was also extremely large Λ-doubling in all vibrational levels of the E1.5 state. The E1.5 v=3 level was a severely perturbed state.
E. The F 3.5-X12.5 transition
The F state was the only reported Ω=3.5 state of NiH. For all the F 3.5-X 1 2.5 transition bands, the R branch was strong, the Q branch was slightly weak, and no P branch was observed. Guided by the 0.65 cm
isotopic shift of v =2, the (2,0) band of the F 3.5-X 1 2.5 transition was discovered at 503.8 nm. The wavenumbers of the band lines are listed in Table III. F. The G2.5-X12.5 transition
The G state was first discovered in Ref. [11] , where the (0,0) band was analyzed. In the present work, the (1,0) band of the G2.5-X 1 2.5 transition was discovered at 503.3 nm. It is a parallel transition band with strong R and Q branch, and the P branch somewhat less intense. No Λ-doubling was discovered under the J value observed. It was not certain that the G2.5-X 1 2.5 progression died out at v=1 because a band fragment with isotopic shift 0.65 cm −1 at 21200 cm −1 was discovered, which was situated exactly in the predicted energy region of the G2.5-X 1 2.5 (2,0).
No new bands could be assigned to the I1.5-X 1 2.5 transition. Only the v =0 and v =1 vibrational levels were observed. The I1.5 state was predicted to have a shallow potential well in which the dissociation limit was below the v =2 level. We have noticed that the rotational constants of the I1.5 state were less than the other states, as shown in Table I , so the equilibrium bond length of the I1.5 state must be a little longer.
In general, the transition metal monohydrides and monohalides (particularly monofluorides) were very similar in energy levels. However, this was not the case for NiH and nickel monohalides since these two kinds of molecules had intricate perturbation systems. There were three low lying states for all of them, but the energy order was different, for NiH, the 2 ∆ state is the lowest, while NiF and NiCl have 2 Π ground state. As for the excited states, both NiH and NiF have eight electronic states observed in the 15000-24000 cm −1 range [26] , the two set of states were quite different not only in energy order, but also in their symmetries.
Our spectral range 15000-21400 cm −1 includes the richest information for the upper states of NiH. In the higher energy range, NiH bands are predissociated. The dissociation energies (D e value) for the ground state of the three iron peak elements hydrides, FeH, CoH, and NiH, are 3.2, 1.9, and 2.6 eV, respectively [27] . Only FeH has spectra higher than 22000 cm −1 .
IV. CONCLUSION
NiH molecules were produced by DC discharge of nickel electrodes with methanol. Laser induced fluorescence excitation spectra were taken under super sonic free jet conditions. The spectral range was extended to 15000-21400 cm −1 . In the 19000-21400 cm −1 spectra of NiH, the high vibrational levels of the A, B, D, E, F , and G state transition bands were observed and analyzed. A complete set of spectroscopic parameters of these states was obtained.
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